The elastic behaviour of compacted soils subjected to very small strains (smaller than 10 -5 ) is essential, because the serviceability of most geotechnical structures depends on soil elastic properties. Small-strain stiŠness of soils was studied in the past years using diŠerent experimental devices (mainly resonant columns). However, the results have been relatively inconsistent. The bender elements technique, now extensively used in soil mechanics, oŠers an e‹cient non destructive alternative, since it is based on the propagation of shear waves. To enrich the common bender elements testing results providing only shear modulus values, an evolution of the bender elements technique, named bender-extender element's is used in this paper. This device allows the simultaneous measurement of the shear and compression wave velocities. As a result, the two independent elastic constants are measured for the same sample in order to avoid indirect estimations. Also, for unconˆned sample's the GrindoSonic test is performed: this test is based on the transient vibrational response of the sample to a slight shock. The present study provides new results about the elastic properties of intermediate unsaturated soils made of mixtures of sand and clay. The results for the elastic properties are presented as a function of the suction level. Finally, a model relating the elastic behaviour of these unsaturated soils is proposed.
INTRODUCTION
The identiˆcation of elastic parameters is an essential topic in geotechnical engineering. In this paper, particular emphasis is placed on the elastic behaviour of compacted soils subjected to the very small strains (smaller than 10 -5 ) typical in many geotechnical structures, such as roads or railways, embankments and earth structures. Their serviceability is clearly determined by soil elastic properties which depend on the water content and suction level.
Small-strain stiŠness of soils has been studied in the past using diŠerent experimental devices (mainly resonant columns but also local small strain devices). However, the results have been relatively inconsistent. The bender elements technique now extensively used in soil mechanics (e.g., Viggiani and Atkinson, 1995; Brignoli et al., 1996; Fratta and Santamarina, 1996; Fam and Santamarina, 1997; Kawaguchi et al., 2001 ; Leong et al., 2005) oŠers an e‹cient alternative despite some shortcomings relative to interpretation methods. The most common bender element device was developed by Shirley and Hampton (1977) : it allows the propagation of shear waves, with only the shear modulus G directly measurable. An evolution of the bender elements technique, named bender-extender elements, was developed by Lings and Greening (2001) . This device allows for the simultaneous measurement of the shear and compression wave velocities. Consequently, two independent elastic constants are determined on the same sample, and indirect estimations can be avoided.
Most of the studies involving bender elements have been performed on purely frictional sands or soft cohesive soils (clays). Few results concern intermediate soils made of a mixture of sand and clay (Rossato et al., 1992; Kimura et al., 1994) , which are both cohesive and frictional. The present study provides new results about the elastic properties of intermediate unsaturated soils made of mixtures of sand and clay, identiˆed using the bender-extender elements testing device. More, the experimental investigation has been completed with GrindoSonic pulse tests to evaluate the elastic properties of samples in unconˆned conditions and therefore assist the user in the determination of wave travel times by the ben- der extender elements technique. The GrindoSonic method, more often employed in concrete characterization, is based on the transient vibrational response of a sample subjected to a slight shock. The new scope of investigation, focusing on intermediate soils also requires some key points related to wave propagation, like the determination of the travel times, nearˆeld eŠects and in‰uence of the shape of signal to be revisited.
The resulting values of the elastic properties of intermediate compacted soils are presented, with the suction level in the soil specimens taken into consideration. Finally, a model describing the elastic behaviour of these unsaturated soils is proposed.
TESTED SOILS
The tested compacted soils are reconstituted in the laboratory from diŠerent mixtures, deˆned by their weight percentage of Speswhite kaolin (SPW), and Missillac sand (MS). The index properties of the SPW clay are a liquid limit of 55.1z, a plastic limit of 32.3z, and a speciˆc gravity Gs of 2.62, the speciˆc gravity Gs of the sand fraction MS is 2.65. Figure 1 shows the grain size distributions of these soils. Note that the grain size distribution for grains smaller than 0.2 mm is measured using a laser granulometer according to the ISO 13320-1 standard (1999).
Three diŠerent mixtures of soils were studied. These mixtures fall in three diŠerent categories of soils according to the French Road Soil Classiˆcation System (LCPC, 1992 (LCPC, , 2003 , which is based mainly on the grain size distribution and on the Methylene blue absorption. In this system, the soils are respectively classiˆed as A3, B6 and B31. According to the AASHTO soils classiˆca-tion system, these soils are ranked as A-7-5, A-1-a, and A-2-7, respectively. In the following paragraphs, the soils used in this study are designated as S1 for A3 or AASHTO A-7-5; S2 for B6 or AASHTO A-1; and S3 for B31 or AASHTO A-2-7. The mass percentage of MS for each of these soils is 0z (S1), 65z (S2) and 88z (S3); and the Methylene blue absorption values are 1.54, 1.21, and 1.11 g/100 g for the S1, S2, and S3, respectively. Soil S3, which includes the smallest percentage of kaolin, has the highest dry maximum unit weight measured following the standard Proctor test (Fig. 2) by comparison with S2 and S1. These results agree with those obtained by Boussaid et al. (2003) with intermediate soils made of Fontainebleau sand and SPW.
SAMPLES CHARACTERISTICS

Reconstitution
Sand is sifted in diŠerent fractions with maximum grain sizes of 1 mm, 0.5 mm, 0.2 mm and 80 mm, respectively. Fractions lower than 1mm are then mixed in a 0.14 m 3 concrete mixer to reconstitute the material, and avoid segregation. Kaolin is then added and mixed for three minutes to obtain a dry and homogeneous mixture. To obtain S1, S3 and S2 soils, 28z, 11z and 13z of water is added, respectively. The optimum Proctor water contents are 29.2z, 11.5z, and 14.4z respectively.
Compaction
The mixture is introduced into a 30 cm large and 40 cm high cylindrical container in three successive layers of about 10 cm each. The soil mass is then subjected to a compressive vertical stress (s v ) using a pressure-controlled hydraulic actuator. Theˆnal vertical stress is equal to 2 MPa for S1 and 2.5 MPa for S2 and S3. The static compaction on specimens is applied for 10 minutes on each soil layer. After 10 minutes of compaction, no additional settlement is measured. The obtained density is calculated classically as the ratio of the mass and the volume of the sample. These values allow for a homogeneous material with a dry density close to the maximum Proctor density (Murillo et al., 2009a (Murillo et al., , 2009b . Four steel cores (10 cm in diameter, 20 cm long) arê nally placed on the top surface of the compacted soil. Using a hydraulic actuator, the steel cores are fully driven in the soil mass. Finally, each core sample is taken out from the mould. Soil Samples Properties Table 1 summarizes the main characteristics of the samples. The diameter q is constant but the samples have been cut at two initial lengths hi (about 7 and 10 cm), for each soil. The initial water content w i (expected value) is close to theˆnal water content wf (measured value). The dry density rd and the initial void ratio ei are similar for each sample of the same compacted soil showing good homogeneity from the compaction procedure. Furthermore, the initial water content (or initial degree of saturation Sri) is approximately the same for the samples of each soil, except for S2, in order to examine the eŠect of the saturation degree. Samples of compacted soils are taken to measure their suction value using a pressure plate cell apparatus for soil S3 and a WP4-T chilled mirror apparatus for soils S1 and S2. The mean suction values of the three diŠerent soils are presented in Table 1 . The matric suction of the samples cover a broad range from 60 kPa for soil S3 with 88z sand to 8000 kPa for soil S1 with 100z of kaolin; soil S2 with 65z of sand was tested at two water contents: 11z and 15z, corresponding to 1500 kPa and 300 kPa matric suction, respectively.
EXPERIMENTAL DEVICES
Two non-destructive methods were used to indirectly identify the elastic properties of the tested soils in the small strain domain: the GrindoSonic method, for unconˆned samples and the bender-extender elements method for conˆned samples.
GrindoSonic
For unconˆned samples, the shear (VS) and compression (VP) waves velocities were deduced from the fundamental resonant frequency of S1 and S2 samples using a non-destructive device, called GrindoSonic (Allison, 1988) . The GrindoSonic device is used to generate and detect a short transient vibration propagating through a cohesive sample resulting from a mechanical disturbance caused by a light mechanical impulse, generated by a light plastic hammer blow. Two pulse modes (torsion and bending) are required to measure the elastic parameters: they are obtained by varying the positions of both the hammer stroke and the detector.
The wave propagation is recorded using a piezoelectric detector in contact with the sample and then converted into an electronic signal. The fundamental resonant frequency is automatically determined from the analysis of the signal. At leastˆve consistent measurements are required to consider the statistical reliability of the result. A mathematical application (Spinner and TeŠt, 1961 ) is then used to identify the two independent parameters (Young's modulus E and shear modulus G) describing the isotropic-linear-elastic materials from the geometrical and physical data of the samples as well as from their fundamental frequencies.
The results (Table 2 ) provide a rough estimate of the elastic properties of unconˆned samples which is useful for comparison with bender-extender measurements at zero conˆning pressure in the triaxial cell.
Bender-Extender Elements
A couple of piezo-ceramics transducers, called benderextender elements (Fig. 3) , is used to measure both compression (P-waves) and shear (S-waves) waves. This device is extensively described in Lings and Greening (2001) . The bender-extender elements withstand a relatively large range of conˆning pressures, and they can be excited with diŠerent input signal frequencies and shapes.
The piezo-ceramics transducers are embedded into the top cap and the base of a triaxial compression test apparatus. The upper element is excited by an electrical pulse which initiates a shear wave through the specimen. On the other hand, a compression wave is generated upwards by the lower element. When each wave reaches the opposite element, the mechanical movement is then converted into an electric signal. Both the input and output signals are recorded.
Each sample is pressed on the lower element to main- tain perfect contact between the tested material and the transducer. The upper element is also pressed onto the sample. As a result, both elements penetrate into the sample over a depth of 2.5 mm. Special attention is also given to the alignment and the position of the two elements for polarization and signals quality reasons. The cell pressure is controlled with a 2 MPa hydraulic actuator, which has a total volume of 200 cm 3 . During tests, the shape (sine, square) and the frequency (5, 6.7, 8.3, and 10 kHz) of the excitation signal are imposed by the user through the software interface. The sampling rate is 10 5 samples per second (100 kHz), and the amplitude of the signal is ±5 volts. Tests were carried out on samples of 10 cm in diameter and 7 or 10 cm in height ( Table 1) . Records of wave propagation were performed for diŠerent conˆning pressures, varying from 0 (beforeˆlling the cell with water) to 500 kPa along isotropic loading stress paths. The samples are protected from the conˆning ‰uid by a thin 0.5 mm thick latex membrane, adding a conˆning stress of 0.3 kPa.
Variations of the sample height under pressure are assessed by an external gauge. Measurement errors are unavoidable because of the bedding eŠect and the compliance of the system (Scholey et al., 1995) . The errors, however, remain small because of the specimen stiŠness (approximately 200 MN/m 2 for the mean value of the shear modulus). The size (diameter and height) and the mass of the specimens are initially carefully measured.
Assuming isotropy and homogeneity, the elastic parameters characterizing the linear elastic behavior ( E, G ), and Poisson ratio n are related to the wave velocities in the framework of the mechanics of continuous media (e.g. Foti, 2000):
where Vs is the shear wave velocity, VP is the compression wave velocity, and r is the density of the soil. The velocity of the waves is given by:
where L is the eŠective tip-to-tip distance between the two bender-extender elements, corrected to take into account the shortening of the sample during the test, in compliance with the recommendations by Viggiani and Atkinson (1995), Jovi ¾ci ác et al. (1996) , and Brignoli et al. (1996) and T is the wave travel time relative to the compression wave, Tp, or the shear wave, Ts. Travel times result from the analysis of the electric signals recorded during the tests. The identiˆcation of TP is relatively easy since it corresponds to the time interval between the input signal initial point and the output signalˆrst deviation, usually clear enough, even if the amplitude of the P-wave is ten times lower than the amplitude of the shear wave.
The estimation of Ts by a visual inspection of the signals has been debated since the mid-90's (Jovi ¾ci ác et al., 1996). However, this evaluation is somewhat di‹cult due to near-ˆeld eŠects. The interpretation methods reported in the literature are summarized in Table 3 . Theˆrst arrival analysis is recommended for identiˆcation of wave velocities in rock samples (ASTM D 2845). Other characteristic points can be also selected in both input and output signals to determine travel time. In Fig. 4 points A, B and C are theˆrst de‰ection, the positive peak and the negative peak of the input signal, respectively. DiŠerent points can be identiˆed on the output signal ( Fig. 4) : point E corresponds to theˆrst arrival inversion, point F to theˆrst zero value observed immediately after point E, and point G is theˆrst peak. The identiˆcation of these points is possible while the noise level on the output signal is less than approximately 10z of the maximum amplitude.
DiŠerent methods can be used to identify the travel time of the shear wave Ts: (e.g., peak-to-peak time B-G method, cross-correlation method).
According to Viggiani and Atkinson (1995) , Lohani et al. (1999) and Kawaguchi et al. (2001) , the travel time corresponding to the peak-to peak distance between the input and output signals might be globally wrong except for high frequency input signals. The di‹culty to establish the peak in the output signal may generate errors mainly for square waves where no clear peak appears, particularly at low frequencies, for which the wave period is large.
The cross-correlation method (Mancuso et al., 1989; Viggiani and Atkinson, 1995; Mohsin and Airey, 2003) is a mathematical tool (Eq. (5)) that provides a reliable indication on the similarity between the signals and on the degree of distortion. This method allows assessing the travel time of both shear and compression waves.
The cross-correlation function (Eq. (5)) combines the input signal (S1) with an output signal (S2) with a time t as a delay gap. The travel time Tcc1 or Tcc2 corresponds to the time delays that give the cross-correlation itsˆrst and sec- ond maximum values (Fig. 5) .
The GrindoSonic technique, which is rapid, non-destructive and reliable, can be easily carried out on cohesive and frictional unconˆned samples to estimate the elastic properties, and consequently the wave velocities in the tested soil. These measurements provide a helpful indication to evaluate the reliability of each interpretation method applied to the bender-extender technique.
INFLUENCE OF THE DIFFERENT TEST CONDITIONS ON THE SHEAR WAVE VELOCITY
A total of 768 wave velocity measurements have been carried out: 6 samples, 16 stages of conˆning pressures (between 0 and 500 kPa), 4 input frequencies (5, 6.7, 8.3 and 10 kHz), and 2 signal shapes (sine or square).
Near-Field EŠects
Near-ˆeld eŠects appear as a result of a compression wave that propagates through the sample and mask the arrival of the driven shear wave. This phenomenon occurs when the ratio Rd between the length of the sample to the signal wave length is smaller than four (SanchezSalinero et al., 1986; Jovi ¾ci ác et al., 1996; Brignoli et al., 1996; Lo Presti et al., 1995). In our case, bender-extender elements provide a direct measurement of the P-wave velocity: therefore, the outset of near-ˆeld eŠect in‰uence can be more easily identiˆed in the shear wave output signals.
Initial tests were carried out on 20 cm high samples. However, after several attempts no clear response could be achieved for these specimens due to the weak energy of the wave which was limited to 10 kHz by the technology of the device. Due to this limitation, the tests were performed on smaller samples (7 cm and 10 cm high) even though near-ˆeld eŠect is enhanced.
The near-ˆeld eŠects are therefore systematically present during all the tests since the value of Rd is between 0.5 and 3.4 for 7 cm high samples, and 0.7 to 4 for 10 cm high samples. It is important to note that the R d value is aŠected by the frequency of the input signal and the shear wave velocity, as shown in Fig. 6 for 10 cm high samples.
In‰uence of the Signal Shape
There is no signiˆcant diŠerence between the travels times obtained when the sample is excited with either pseudo sine or square waves (Fig. 7) . However, each type of signal has advantages and disadvantages: (i) the identiˆcation of the peak in the sine signal is easier and for this reason, the results of the sine signals, are less scattered than those obtained with the square signals; (ii) for square wave excitations, the quality of the output signals satisˆes all conˆning pressures and excitation frequencies, whereas the pseudo-sine wave excitation is eŠective when the excitation frequency is greater than 5 kHz only. This is probably due to the fact that the power spectrum for sine pulses is narrower than the power spectrum for square signals.
In‰uence of the Frequency
The large frequency spectrum of the output signals re- Comparison of the diŠerent interpretation methods for the computation of shear waves velocities (S1-7 cm sample, f＝10 kHz, w＝28%, ua-uw＝8000 kPa) Fig. 10 . Comparison of the diŠerent interpretation methods for the computation of shear waves velocities (S1-10 cm sample, f＝10 kHz, w＝28%, ua-uw＝8000 kPa)
quires a more extensive analysis. Moreover, for granular and unsaturated soils, dispersion and attenuation phenomena appear. A frequency analysis to identify a group velocity and the phase velocities could integrate these phenomena whereas the basic analysis presented here only treats the faster wave between a source and a receiver. All the interferences, except for the near-ˆeld eŠects, are therefore ignored. The excitation frequency has an eŠect on the Rd ratio and therefore aŠects the shape of the output signal. The selection of a suitable frequency for the input pulse has received considerable attention in the literature ( see for instance Arulnathan et al., 1998) . Near-ˆeld eŠects may vanish, whereas the input frequency increases but interactions between the grains and wave (multiple scattering eŠect) may happen as a result. The range of frequencies used here is an acceptable compromise between these two antagonistic phenomena.
Consistent shear wave velocities deduced from the travel times Tinv and TFirst (corresponding to the inversion andˆrst arrival methods, described in Table 3 ) are obtained for all the specimens at all the excitation frequencies and conˆning pressures used in the testing program (an example is given in Fig. 8 for the inversion method). These two travel times were more speciˆcally chosen because of the experience noted in the literature, even though that question is still open for discussion. There is still no objective argument in favour of either time interval A-E or A-F.
RESULTS AND DISCUSSION
A commercial signal processing software is used to display and process the input and output signal as well as the cross-correlations between the signals.
Figures 9 to 14 summarize the velocities assessed using the methods previously described, versus conˆning pressures at 10 kHz for soils S1, S2 and S3 and for samples of 7 cm and 10 cm length. Bender-extender element tests are performed up to 500 kPa. This stress level includes the range of interest of the subgrade layers of pavements.
Regarding the eŠect of the interpretation method, Figs. 9 to 14 show similar values of shear wave velocity when theˆrst arrival and peak-to-peak methods are used; however, no clear criteria can be estimated from the cross-correlation method. This discrepancy appears because cross-correlation results depend mainly on the position of the maximum amplitude in the output signals; this means that if theˆrst peak is not the maximum amplitude, Tcc is shifted to the right, towards higher values of time. Without considering the cross correlation method, it is di‹cult to state which method among inversions andˆrst de‰ections is the most appropriate. The trends of evolution are similar for both methods, but the scattering of shear wave velocities depending on the interpretation methods is approximately ±50 m/s. For this reason, further analyses presented in this paper are based on the average value. By doing that, uncertainty is introduced regarding the precise value of Vs, but GrindoSonic measurements aim at limiting that uncertainty.
Regarding the eŠect of the length of the sample, a comparison of Figs. 9 and 10; 11 and 12; and 13 and 14 reveals that the results are more scattered when the length is shorter. On the other hand, the length aŠects the measurement of the shear wave velocity in diŠerent ways: for soil S1, a higher shear wave velocity was measured on 10 cm samples although for S3 soils the higher shear wave velocity corresponded to 7 cm samples. There is no clear explanation for such variability. We found that specimens were relatively homogeneous and the material reconstitution was relatively repeatable. Probably this diŠerence is related to the problems of contact between the bender elements and samples (clearly it is more di‹cult to ensure a good contact in a cohesive sample than in a frictional sample), or anisotropy. Further research is needed to elucidate this point.
The velocities, determined as the mean values obtained from the inversion and theˆrst arrival methods, are not aŠected by the frequency and the shape of the input signal. Figure 15 summarizes the evolution of the shear wave velocities as a function of the conˆning pressures for diŠerent soil samples at 10 kHz.
Even if the bending and torsion frequencies obtained from GrindoSonic tests (Table 2 ) are lower than 10 kHz, consistent values of shear wave velocities were obtained for soils S1 and S2-7 cm (with a degree of saturation of 63z).
During isotropic compression, samples with a height of 7 and 10 cm for soils S1 and S3 showed similar void ratios and degrees of saturation (Figs. 15 and 16) . As a result, the values of the shear wave velocities for the diŠerent heights are comparable. The range of shear wave velocities for soil S1 is between 300 and 400 m/s and between 420 and 700 m/s for soil S3, depending on the conˆning pressure. On the other hand, the two S2 samples show diŠerences on VS since these samples have been prepared with diŠerent initial saturation degrees (63 and 85z), Fig. 17 .
The two S2 samples prepared with diŠerent degrees of saturation (SRS2a＝63z for the S2-7 cm and SRS2b＝ 85z for S2-10 cm) show shear wave velocities that vary between 280 and 400 m/s (for a water content equal to 15z and a suction pressure of 300 kPa), and between 420 and 640 m/s (for a water content equal to 11z and a suction pressure of 1500 kPa). The shear wave velocities obtained with the low saturated sample are 45z higher than the values obtained for the other sample (Fig. 15) . Similar results were also observed on granite and kaolin samples by Chun and Santamarina (2001) . The measurements concerning the compression wave velocities show similar trends to the shear wave velocity (Fig. 18) .
EVOLUTION OF SHEAR AND YOUNG MODULI ALONG ISOTROPIC PATHS FOR UNSATURATED INTERMEDIATE SOILS
A critical review of the literature shows that the shear and Young moduli of unbound granular materials mainly depends on the void ratio e and on the eŠective principal stresses s? 1 and s? 3. For isotropic loading stress paths, the shear and Young moduli are expressed as a function of the void ratio and of the mean eŠective stress p? or the conˆning eŠective stress s? 3 such as (Hardin and Richart, 1963; Iwasaki and Tatsuoka, 1977; Biarez and Hicher, 1994 ; Lo Presti et al., 1997): Sands Fig. 19 . Shear modulus vs net conˆning stressˆtted using Eq. (8) Fig. 20 . Relationship between the modulus E0s3, G0s3, and suction
where KE, KG and n are material constants, fG, E(e) a function of the void ratio (Table 4) and Gref, Eref, s? 3, ref.
(1 kPa for instance) parameters that normalizes the equations. As observed, the power n reported in literature, which characterizes the nature of grain-to-grain contacts, is close to 0.5. The deviation from the predictions of the Hertz's theory (n＝1/3) can be explained by the nature of the contacts, which are not necessarily punctual (Dano and Hicher, 2002) . For cohesive and frictional soils, the cementation of particles also makes the power n decrease, down to 0 if the cementation is strong. For the intermediate unsaturated materials used in this study, the variation of Young and shear moduli as a function of the conˆning stress depends on the sand fraction (or clay content) and on the suction as follows: (i) the higher the percentage of sand, the higher the shear and compression wave velocities are (Figs. 15 and 18) . Furthermore, sandy soils are more pressure sensitive than pure clay: indeed, when a binder like clay or cement-type materials is added to the granular skeleton, the contact area between the grains increases and the eŠect of the pressure is softened (Chang and Woods, 1987) ; (ii) On the other hand, it is well-known that matrix suction has an eŠect on the shear wave velocity (Wu et al., 1984) , even in the drying-wetting process (Xu et al., 2008) .
GrindoSonic tests allow for the measuring the shear compression wave velocities for zero conˆning stresses (Figs. 15 and 18) . The shear and Young moduli derived from these measurements reveal that for unsaturated intermediate materials, there are non-null moduli for zero conˆning stress. This eŠect is related to the capillary forces present in these materials. However, this result is in disagreement with Eqs. (6) and (7) for which zero moduli are expected for zero conˆning stress. To reproduce the eŠect of suction, Eqs. (6) and (7) could be modiˆed in two ways: (i) using a generalized eŠective stress analysis (Fleureau et al., 2003) , or (ii) by considering the suction eŠect on the modulus at zero stress and the eŠect of conˆning net stress separately (Caicedo et al., 2009) . The second approach is used in this paper due to the di‹culties in the deˆnition of eŠective stresses in unsaturated soils. Then, to describe the variation of Young and shear moduli of intermediate unsaturated soils the following two power laws can be used: Figure 20 shows the Young and shear moduli for zero conˆning vertical stress, E0s3, G0s3 (normalized to e＝0.45 using the equations suggested by Iwasaki and Tatsuoka (1977) for shear modulus and Biarez and Hicher (1994) for Young modulus) as a function of suction, (ua-uw) for all the soils of this study. As described, the modulus for zero total stress goes up as the suction increases. In fact, for zero total stress, the stiŠness of the material appears as a result of the capillary forces acting on the contacts between the granular particles. These results agree with the results presented by Fleureau et al. (2003) , and Caicedo et al. (2009) . Figure 19 shows that for zero suction, both the Young and shear moduli for zero conˆning stress go to zero; this value agrees with Eqs. (6) and (7). On the other hand, when suction increases, the modulus at zero conˆning stress trends to a maximum asymptotic value. This behaviour can be described using the following hyperbolic equations (Fig. 20) : , E0s 3 ＝ ua-uw aE＋bE(ua-uw) (10a, 10b) Figure 20 shows that using the previous equations, the Young and shear moduli of the intermediate soils used in this study can be described using the same equation. Particularly, the similar behaviour against the suction of soils S2 and S1 could be explained because both soils havê ne fraction prepared with the same soil (kaolin SPW). Figures 21 and 22 show the evolution of the component of shear and Young modulus that vary with the conning net stress, (Ee＝0.45-E0s3, and Ge＝0.45-G0s3 vs.
s3-ua). Table 5 shows the values of the constants used tô t the experimental results in to Eqs. (10), (11) and (12) . The results of the exponent n vary between 0.43 and 0.49 for all the soils of this study, and for either Young or shear moduli; these values are similar to those presented in Table 4 corresponding to saturated unbound soils. This last result conˆrms that Eqs. (6) and (7) can be used for intermediate unsaturated soils but only to describe the eŠect of the net conˆning stress separately of the modulus for zero conˆning stress.
As observed in Table 5 , the exponent n is similar for all the soils studied; however, the constant K in Eqs. (11) and (12) depends on the type of soil and suction value. Figures  23 and 24 give an empirical interpretation of Eqs. (11) and (12) . Figure 23 shows how the parameters aE, G and bE, G work to incorporate the eŠects of matric suction in the shear and Young modulus at zero net stress: parameter 1/bE, G represents the asymptotic value of the curves relating the shear and Young modulus vs. matric suction (Fig. 23a) ; the shape of these curves is controlled by the parameter aE, G (Fig. 23b) . Figure 24 shows how KE, G works to describe the increase in the Young and shear modulus upon net stress. According to the results presented in this study, the parameter KE, G depends not only on the soil type but also on its matric suction. Further studies considering diŠer-ent suction values for the same soil are required to evaluate the variation of KE, G against suction. However, the variation of Young and shear modulus vs. suction and net conˆning stress for S2 soils can be obtained using Eqs. (11) and (12) considering a linear variation of KE, G vs. suction as aˆrst approximation. Figures 25 and 26 show the evolution of Young and shear modulus vs suction and conˆning net stress. Theseˆgures show how Eqs. (11) and (12) describe the diŠerent growing rate of modulus when either the suction or the net conˆning stress remain constant.
SUMMARY AND CONCLUSIONS
Wave propagation velocities are experimentally determined for S1, S2 and S3 soils subjected to isotropic stresses. The statically reconstituted samples tested, which are both cohesive and frictional, are mixtures of kaolin SPW and Missillac sand, which represent a subgrade material.
The GrindoSonic test, based on the resonance frequency of the non-stressed sample, gives results for both the compression and shear wave velocities that are comparable with bender-extender element measurements.
The bender-extender element technique, which is not yet standardised, has been used for wave velocity identiˆ-cation in the framework of a parametric study that includes the eŠect of a) the length of the sample, b) the conning pressure, c) the nature of the soil, d) the frequency. This parametric study led to the following remarks concerning the use of bender element tests on intermediate compacted soils:
i. Even if near-ˆeld eŠects are systematically present, the eŠect of the length of the samples induce a discrepancy of lower than 15z on the wave velocities. ii. As expected, both shear and compression wave velocities increase with the conˆning pressure. However, the shear wave velocities increased at a lower rate for conˆning pressures higher than 250 kPa. iii. Materials with a greater percentage of sand have higher shear wave velocity values. iv. The test results show that a lower water content and higher suction pressure induces higher values for both the shear wave velocity and the Young's modulus values, for the same soil. v. The range of frequency (5 to 10 kHz) gives consistent results, which are processed and interpreted usingˆve diŠerent methods. In order to correctly get the shear wave velocity, the``inversion'' and``ˆrst arrival'' method are recommended. The peak-topeak method gives similar shear wave velocities for high excitation frequencies (8.3, 10 kHz); however, an overestimation of the propagation velocity is noted for lower frequencies. vi. The results of the cross-correlation method are aŠected by the conˆning pressure and the input signal frequency. Nevertheless, the peak-to-peak, and the cross-correlation interpretations may be used as indicators. The results of the Young's and shear moduli have been interpreted in the framework of unsaturated soils. For zero net conˆning stress, non null Young and shear moduli appear as a result of the suction pressure for all the soils which contradicts the power law used to describe the evolution of these modulus as a function of the conning stress. Due to the di‹culties in the deˆnition of the generalized eŠective stress law for unsaturated soils, two relations are proposed to describe the evolution of the Young's and shear modulus in compacted intermediate soils. With these laws, the Young's and shear modulus go up depending on the increase in suction and the increase in the conˆning net stress, separately. Using this description, the exponent of the power law for unsaturated soils fall within similar values to the exponent characteristic of the power law used for saturated soils in eŠective stress. It is acknowledged, however, that more tests are required to elucidate the variation of parameters K G and K E for diŠerent soils and conditions.
